ABSTRACT: Recycled concrete aggregate (RCA) is often used as a pavement base or sub-base material. One unique concern of RCA used for such purposes is re-cementation. Although re-cementation increases the stiffness and bearing capacity of RCA, it may induce cracking if RCA becomes bound or partially bound. Four approaches were used in this study to investigate RCA re-cementation in pavement sub-base, including long-term monitoring of a trial site, test of RCA samples retrieved from the site, performance simulation based on mechanistic-empirical pavement design guide (ME-PDG), and numerical analysis. The trial site reveals that RCA becomes partially bound after 11 years of road use. The bound material exhibits properties similar to those of cement-treated base (CTB). However, due to variations in the content and composition of fines in RCA, the extent of re-cementation is not uniform in sub-base. According to the analysis results generated by ME-PDG, reflective cracking occurs if RCA is assumed to be CTB. Conversely, if bound RCA is non-monolithic, it may not have significantly negative effect on pavement performance. The fine content or composition of fines in RCA may be specified to further reduce the risk of RCA re-cementation.
INTRODUCTION
Urban areas around the world face great challenges in handling the large quantity of construction and demolition (C&D) waste generated daily. In Hong Kong, for instance, 57,547 tons of C&D waste is produced daily in 2014 (Environmental Protection Department, 2014) . Seven percent of the C&D waste ends up in landfills, accounting for 26.5% of the total solid waste disposed at landfills. The rest of the C&D waste is either transferred to construction projects for reuse (33%) or temporarily stored at public fill reception facilities (60%). As the fill facilities approach to their capacity limits, increasing the use of C&D waste is highly desired.
A major component in C&D waste stream is concrete demolished from buildings or infrastructures. In recycling, concrete rubble is hauled to crushing plants where it is crushed, screened, and stockpiled. The resultant recycled concrete aggregate (RCA) can be used for various purposes, including aggregate in fresh concrete (e.g., Cuttell et al. 1997) , aggregate in asphalt mixture (e.g., Mills-Beale and You 2010), unbound pavement base and sub-base (e.g., Poon et al. 2006) , and French drains (e.g., Behring 2013) . The use of RCA is rich in literature and equally rich in practice.
Because huge spaces in urban areas are occupied by highways and streets, it is easily conceivable to use RCA in pavement base or sub-base. The use of RCA as a pavement base or sub-base material has been evaluated by many researchers (e.g., Snyder 1995, Bennert and Maher 2008) . Although RCA has some undesirable properties such as high water absorption, less resistance to abrasion and freeze-thaw susceptibility, it is generally believed that such drawbacks do not pose a serious concern on pavement performance (Hiller et al. 2011) . Therefore, many highway agencies endorse the use of RCA as pavement base or sub-base (e.g., Caltran 2015) .
One unique concern of RCA is possible re-cementation. The unhydrated cement fines in RCA may become re-cemented under the influence of water or in humid conditions (Hiller et al. 2011) . Although re-cementation may increase the stiffness and bearing capacity of base or sub-base, it may negatively affect its permeability and induce reflective cracking in pavement. Several studies have been conducted on the re-cementation issue. For instance, Tsai et al. (2009) reported forensic studies on four pavements in California and South Africa. The study found that re-cementation of RCA occurred and it caused significant increase in pavement stiffness. Although existing studies provide useful information on the use of RCA in pavement base or sub-base, several critical questions remain to be answered:
1. The extent and severity of RCA re-cementation after long-term road use; 2. The long-term performance of pavement with RCA base or sub-base that is subjected to re-cementation; 3. Factors controlling the re-cementation of RCA; 4. Quantitative analysis of the impacts of RCA re-cementation on pavement performance. The above questions are important for highway agencies and practitioners to gain confidence on the use of RCA and to avoid potential pitfalls. This study aims to answer the above questions. It is anticipated that the findings from this study will provide a comprehensive view of the re-cementation issue of RCA and facilitate the use of this unconventional and environmentally friendly material.
RESEARCH METHODS
Four research methods were used in this study, including long-term monitoring of a trial site, test of RCA samples retrieved from the site, pavement performance simulation based on mechanistic-empirical pavement design guide (ME-PDG) (ARA 2004) , and numerical analysis using finite element method (FEM). The research methods are explained in details as follows.
Long-term monitoring of in-service pavement
A trial site located on a busy carriageway was constructed in Hong Kong in 2003 to study the long-term performance of sub-base using RCA. The site consists of a section using full-depth RCA, a section using partial-depth RCA, and two control sections using natural aggregate (granite). The sub-base materials of all the sections follow the same particle size distribution. After construction, the pavement was continuously monitored and tested using falling-weight deflectometer (FWD).
Analysis of RCA samples retrieved from the trial site
Samples from the section using full-depth RCA (section 3 in Fig. 1 ) were retrieved in March, 2014. In addition, samples were also taken from a nearby walkway that was built at the same time with the carriageway and also used RCA as sub-base material. RCA was found to be bound or partially bound at 4 out of 6 coring locations of the carriageway sub-base, and RCA in the walkway sub-base remained unbound. Photos of the unbound and unbound RCA samples are shown in Fig.1 . Unconfined compressive strength (UCS) test was conducted on one of the bound samples. The ratios between the fine aggregates (after manual crushing) and coarse aggregates (granite) were tested on three samples. The metals in the crushed fines were tested by using inductively coupled plasma mass spectrometry (ICP-MS).
Evaluation of the influence of re-cementation-the worst case scenario Fig. 1 shows that RCA became bound in certain locations. Although re-cementation increases RCA stiffness, cracks may develop in the bound layer due to thermal expansion and contraction. The cracks may propagate into upper asphalt concrete (AC) layers and appear in the form of reflective cracking. The development of reflective cracking is a long term process; hence, it may not show up in the trial section. The ME-PDG was used to assess the effects of possible severe RCA re-cementation on pavement performance. In this worst case scenario, the RCA is assumed to be fully bound; hence, it has properties similar to those of cement-treated base (CTB). The flexible pavement structure is assumed to include several AC layers placed on the top of CTB. The software "AASHTOWare ® Pavement ME Design" was used as the tool for analysis based on the ME-PDG method.
Evaluation of the influence of re-cementation-the most likely scenario
In RCA sub-base, fines may not be uniformly distributed and fine composition may vary greatly. Consequently, RCA may not become a monolithic bound structure. A more realistic picture of RCA in sub-base may be isolated bound blocks embedded in unbound aggregate. Traffic-induced stresses at the bottom of the AC roadbase layer and at the top of sub-base layer due to the formation of re-cemented blocks were analyzed by using FEM. The elastic modulus of the re-cementation RCA is assumed to be 25,000 MPa, close to the sub-base modulus (24,573 MPa) backcalculated from the last FWD measurement. The traffic load is assumed to be a tandem axle of duel tires, with 20,220 kg in mass and 7,145 N of tractive force. This corresponds to the typical traffic load in Hong Kong. The tire pressure is chosen to be 0.827 MPa-the default value in ME-PDG (ARA 2004). The pavement structure was modeled using an 8-node linear brick, reduced integration element (C3D8R). Five scenarios were analyzed, as shown in Fig. 2 . Scenario 1 represents RCA sub-base without re-cementation and is used for comparison purpose. In scenario 2, a rectangular re-cemented block (600mm×600mm×150mm) is located directly under two wheels. In scenario 3, the same size of the block is located at the edge of the tire contact area.
In scenario 4, a cubical (100mm×100mm×100mm) block is located directly under one of the tires, and one of the vertices of cube is pointed upward. In scenario 5, the same cubical shape and orientation is assumed, but the block is located with a certain distance off the contact area. The five scenarios by no means represent all possible block shapes, orientations and locations. However, these scenarios may provide insights on the possible effects of re-cemented blocks embedded in unbound sub-base. 
RESULTS AND ANALYSIS
The change of back calculated sub-base stiffness with time The changes of the back calculated sub-base elastic moduli of three experimental sections are shown in Fig. 3 . The logarithmic scale was used in the figure for clear presentation. The data shows that the initial stiffness of the full-depth RCA is higher than that of the partial-depth RCA, which is further higher than that of natural aggregate. Subsequent FWD measurements indicate that the stiffness of full-depth RCA has increased dramatically, while the stiffness of the partial-depth RCA and natural aggregates remains relatively stable. In addition, the stiffness of the full-depth RCA is subjected to large variations. The stiffness increase of full-depth RCA is attributed to re-cementation effect. 
The physical and chemical properties of the RCA samples
One of the integral samples from the site was tested for UCS. It was found that the UCS value was 3.0 MPa. The UCS and elastic modulus of the RCA were compared with the properties of two cementitious materials reported in literature: lean concrete and CTB, as shown in Table 1 . It suggests that the strength and stiffness of RCA are similar to those of CTB, but less than lean concrete. (Caltran 2015) >=3.65 (7 days) (Caltran 2015) 3.0 -6.0 (7 days) and 5.0 -10.0 (28 days) (Houben 2009) As stated before, three samples were manually crushed and washed to separate large granite aggregate (> 0.6 mm) with those fines and crushable contents (concrete mortar and bricks). The weight ratios between the granite aggregates and those fines were found to be 51.0% (unbound sample from the walkway sub-base), 35.5% (bound sample from the carriageway sub-base, and 29.1% (unbound sample from the carriageway sub-base). This indicates that the content of coarse granite aggregates vary greatly among the samples. In addition, the ground fines from the carriageway sub-base show a reddish color, indicating that it may contain more brick content. The granite and brick contents affect the re-cementation susceptibility of RCA. The ICP-MS equipment can detect a total of 19 traceable metals. In this study, 6 elements were detected, including: Aluminum (Al), Calcium (Ca), Iron (Fe), Magnesium (Mg), Tin (Sn) and Titanium (Ti). The summary of the analysis results is shown in Table 2 . Table 2 indicates that metal concentrations vary significantly. Compared to Sample A and C, Sample B has significantly higher calcium content, which may cause the high extent of re-cement reaction. Assuming that the fine particles of the crushed samples are predominantly from cement, sand, brick powder, and granite (the coarse aggregate in Hong Kong), the results in Table 2 may be used to estimate the relative concentration of cement, brick, and granite in the fines. The ranges of constituents in cement, brick, and granite reported in literature are summarized in Table 3 . After hydration occurs in concrete, the hydrated products in hardened cement pastes are different than the oxide composition of the raw cement power. The relative proportions of the major constituents listed in Table 3 , however, are still the same. Using the relative proportions of the constituents from the three materials and assuming that sand is mainly made of SiO2, one may estimate the approximate range of the cement in the fine particles by using the following equations: ( is assumed to be 0. Based on the rest of the equations, Table 2 and 3, the approximate ranges of cement in the three samples were calculated (Table 4) . The analysis results indicate re-cementation likely occurs at locations where the content of cement powder is relatively high. With low cement powder, re-cementation does not necessarily lead to the bonding of the loose recycled aggregate.
The influence of re-cementation-the worst scenario
In the worst scenario, re-cemented RCA sub-base forms a monolithic block that is similar to CTB. By assuming AC layers being placed on CTB, this study simulated the development of bottom-up fatigue (alligator) cracking and the alligator+reflective cracking of pavements using CTB and natural aggregates, respectively. The simulation results from "AASHTOWare ® Pavement ME Design" are shown in Fig. 4 . Fig. 4 indicates that the predicted bottom-up fatigue cracking for this type of pavement is zero (1.45 is reported by the software by artificially assuming a reliability factor). The stiff sub-base can effectively reduce fatigue damage of bituminous pavement layer. The predicted reflective cracking, however, is not zero. It develops from year 10 to year 15 and remains stable afterwards. This indicates that the hydration of CTB may create a concern on reflective cracking. Conversely, pavement using natural aggregate as sub-base shows a small amount of fatigue cracking. According to the most recent survey of the trial road (April 2016), neither reflective cracking nor alligator cracking appears on those test section. The survey suggests that the effect of RCA re-cementation may not be as severe as that predicted in ME-PDG by assuming a CTB sub-base layer.
The influence of re-cementation-the likely scenario
Assuming that RCA forms isolated blocks in sub-base, load-induced pavement responses are computed numerically and shown in Fig. 5 and Fig. 6 . The computational results indicate that there is no significant difference in shear stresses at the bottom of the roadbase layers ( Fig.12 (a) ~ (e) ). In scenario 2 and 3, the existence of the rectangular block increases the compressive stress on the surface of sub-base and under the loading area ( Fig.12 (a) ~ (c) ). In scenario 4, the existence of the cubical block causes stress concentration under the loading area. In scenario 5, the effect of the cubical block is minimal on compressive stress increase and stress concentration. Re-cementation in RCA sub-base seems not to affect the shear stresses between the roadbase layer and sub-base layer, but to increase the compressive stresses on the sub-base, but the values are not too high. It is noted that thick AC layers (a total of 400 mm excluding PMFC) are used in the numerical analysis based on the typical flexible structure in Hong Kong. Consequently, the effect of the re-cemented RCA block is relatively small. Nevertheless, the existence of re-cemented block induces stress concentrations in several scenarios. The uneven load distribution in sub-base also affects the load distribution in roadbase layer, causing abrupt stress changes. If the upper AC layers are thin, this may affect the long-term performance of road pavement. To avoid such risk, measures may be taken to reduce the likelihood of RCA re-cementation.
SUMMARY AND CONCLUSION
RCA re-cementation in flexible pavement sub-base and its impacts on pavement performance are examined in this study. A trial site that consists of two control sections, a section using partial-depth RCA and a section using full-depth RCA was monitored and investigated. RCA samples retrieved from the site were tested for compositions and unconfined compressive strength. Pavement performance simulation was conducted by using mechanistic-empirical pavement design guide (ME-PDG) under the assumption of fully bound RCA. Numerical analysis was performed by using finite element methods (FEM) under the assumption of partially bound RCA. The following conclusions and recommendations are made based on the investigation results. 1. RCA is subjected to re-cementation when it is used as pavement sub-base, and re-cementation significantly increases its stiffness. 2. The extent of RCA re-cementation is not homogeneous in pavement sub-base, and RCA re-cementation is related to calcium content in the fines. 3. The properties of bound RCA are similar to CTB; 4. While RCA re-cementation improve the fatigue resistance of flexible pavement, severe RCA creates the risk of reflective cracking and distresses related to stress concentration.
5. To control the risk related to severe RCA re-cementation, specification may be developed to limit the fine content and/or increase the inert components in the fines.
